Abstract Purpose: To characterize the pharmacokinetics of temsirolimus and its major metabolite, sirolimus, in patients receiving enzyme-inducing antiepileptic drugs (EIAED) compared with patients receiving non-EIAEDs. An additional objective was to determine whether concentrations of temsirolimus or sirolimus were achieved in brain tumor tissue. Experimental Design: Patients with recurrent malignant gliomas not receiving EIAEDs initially received temsirolimus weekly at a dose of 250 mg i.v. The dose was subsequently reduced to 170 mg due to intolerable side effects. For patients taking EIAEDs, the starting dose of temsirolimus was 250 mg with standard dose escalation until the maximal tolerated dose was established. Ten whole blood samples were obtained over a period of 24 h after administration of temsirolimus for pharmacokinetic assessments. Patients eligible for cytoreductive surgery received temsirolimus before tumor resection.Whole blood and tumor tissue were obtained for analysis.
Temsirolimus (CCI-779, Torisel) is an ester of sirolimus (rapamycin). Both temsirolimus and its major metabolite, sirolimus, bind with equipotency to the cytosolic protein FKBP-12 (1) . This protein-drug complex inhibits mammalian target of rapamycin -mediated phosphorylation of p70 S6 kinase and the eukaryotic initiation factor 4E-binding protein 1, which are involved in the regulation of key molecules involved in cell cycle control and apoptosis (2, 3) . Phosphatidylinositol 3-kinase and AKT are the upstream key regulators of the phosphorylation and activation of mammalian target of rapamycin. A significant number of patients with recurrent glioblastoma multiforme have altered PTEN gene suppression function, which results in increased activity of the phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin signaling pathway (4) . Preclinical studies have documented temsirolimus activity in glioma cell lines as well as in orthotopic glioblastoma nude mouse models (5) . Additionally, incubation of the humanderived glioma U87 cell line (PTEN deficient) with 100 nmol/L (91.4 ng/mL) sirolimus for 1 h completely inhibited the mammalian target of rapamycin -dependent phosphorylation of p70 S6 kinase (6) . Recently, high baseline brain tumor levels of phosphorylated p70 S6 have been associated with radiographic response in patients receiving temsirolimus for recurrent glioblastoma multiforme (7) .
Hydrolysis and oxidation reactions are both involved in the biotransformation of temsirolimus. Sirolimus is formed by deesterification (noncytochrome process) of temsirolimus. Both temsirolimus and sirolimus are extensively metabolized by cytochrome P450 3A enzymes to various demethylated and hydroxylated metabolites (8) . We previously reported on the results of a phase I study of temsirolimus in patients who were receiving enzyme-inducing antiepileptic drugs (EIAED). The starting dose was 250 mg and this was escalated to 330 mg in a standard phase I design; however, because of dose-limiting toxicities sustained at that dose, the phase II dose was established at 250 mg for patients on EIAEDs. Results of the pharmacokinetic findings in a limited number of patients were also reported (9) . We also presented efficacy results of the phase II component of this trial in patients with recurrent glioblastoma multiforme. Patients not on EIAEDs initially received 250 mg temsirolimus; however, because of poor tolerance, the dose was subsequently reduced to 170 mg.
In this report, we characterize the pharmacokinetics of temsirolimus in two patient groups: those receiving EIAEDs (group B) and patients receiving non-EIAEDs (group A). In the phase II study, there was also a subset of patients who received temsirolimus before a planned surgical removal of recurrent tumor. These patients were subsequently treated with temsirolimus following surgery and were assessed for efficacy. This subgroup provided an additional opportunity to determine for the first time whether measurable concentrations of temsirolimus or sirolimus were achieved in brain tumor tissue.
Materials and Methods
Patient eligibility. Patients were accrued to the pharmacokinetic study if they met the protocol eligibility criteria for the phase I and II studies and signed an institutionally approved Committee on Human Research Consent form (9, 10) . Briefly, eligible patients with a recurrent malignant glioma were z18 years of age, with Karnofsky performance status z60%. Their hematologic, renal, and hepatic variables were within normal limits. Cholesterol and triglyceride levels were less than 350 and 400 mg/dL, respectively.
Clinical study design. As previously published (9, 10), patients were stratified into two groups according to their pretreatment anticonvulsant medications (Table 1) . For patient not receiving EIAEDs (group A), the initial dose of temsirolimus was 250 mg as a 30-min i.v. infusion weekly with no rest period required (phase II). However, the dose was subsequently reduced to 170 mg weekly because of intolerable side effects (stomatitis). Patients receiving EIAEDs were treated at an initial dose level of 250 mg i.v. weekly. Standard phase I dose escalations were planned using the modified Fibonacci dose escalation schema and standard three to six patient cohorts per dose level. Toxicities were graded according to the National Cancer Institute Common Toxicity Criteria (version 2.0). For the purpose of evaluation, a cycle was defined as every 4 weeks. The maximum tolerated dose was based on the tolerability observed during the first 4 weeks of treatment. The 250 mg dose level was defined as the maximum tolerated dose and subsequently patients receiving EIAEDs were treated at the 250 mg dose levels (phase II). Because of temsirolimus-induced hyperlipidemia, lipid-lowering agents were allowed during the study. None of the patients were receiving lipid-lowering agents at the time of their pharmacokinetic evaluation.
During the phase II component of the study, eligible patients for whom a surgical resection was recommended received temsirolimus at the protocol-defined dose 2 h before surgery. Following surgery, these patients continued on temsirolimus and were included in the assessment of efficacy.
Pharmacokinetic Evaluation
Sample collection. Whole blood (7 mL) was collected in EDTA-containing tubes on day 1, cycle 1 at each of the following times: baseline (before infusion); end of infusion; and 0.5, 1, 1.5, 2, 3, 5, 8, and 24 h after administration. Baseline samples were also obtained on cycle 1, day 7 and cycle 2, day 1. The whole blood was transferred into two polypropylene tubes (one for temsirolimus determination and one for sirolimus) and stored at -70jC until analyzed. Whole blood was selected as the biological matrix for analysis due to the preferential distribution of temsirolimus and sirolimus into RBCs and limited storage stability in plasma.
Whole blood and tumor tissue were obtained at the time of resection from patients who received temsirolimus before surgery. Before analysis, the tumor tissue was weighed and homogenized in 1 mL of analytic grade methanol.
Analytic methods. Analysis of temsirolimus and sirolimus was done by two validated high-performance liquid chromatography assays using electrospray ionization mass spectrometry as described previously (9) . Temsirolimus and the deuterated temsirolimus internal standard as well as sirolimus and its internal standard (desmethoxyrapamycin) were obtained from Wyeth-Ayerst Research. The calibration curves for both temsirolimus and sirolimus were linear (R 2 > 0.99) over the range from 6 to 500 ng/mL. End-of-infusion samples of temsirolimus were diluted 1:100 into the linear range of the calibration curve. The lower limit of detection was 3 ng/mL for both temsirolimus and sirolimus. The interday assay precision for temsirolimus (sirolimus in parentheses) expressed as the percentage coefficient of variation of the estimated concentration of quality control samples is 1.7% (12.1%) and 10.5% (6.7%), respectively, for the low and high quality control samples. The interday percentage accuracy for temsirolimus (sirolimus) was 95% (101%) for the low quality controls and 97% (106%) for the high quality controls.
Pharmacokinetic analyses. Temsirolimus and sirolimus whole blood concentrations were analyzed by noncompartmental methods (11) . The time intervals relative to the start of the temsirolimus infusion and the actual sample times were used for the determination of time to peak (T max ) and the area under the whole blood concentration-time curves (AUC). Peak concentration (C max ) was determined by inspection of each individual's whole blood concentration-versus-time curve. The terminal disposition rate constants were estimated by linear regression analysis of the log concentration versus time.
Terminal half-lives (t 1/2 ) were calculated by dividing 0.693 by the elimination rate constants. The AUC was calculated using the linear trapezoidal rule up to the last measurable data point (for AUC 0-24 ) and then extrapolated to infinity (AUC). The systemic clearance for temsirolimus was determined by dividing the dose by the AUC. The apparent volume of distribution at steady state (Vd ss ) was determined by the following relationship: Vd ss = (dose Â AUMC / AUC 2 ) -(dose Â duration of infusion) / (2 Â AUC), where AUMC is the area under the moment curve extrapolated to infinity. A metabolic ratio estimated as the ratio of the AUC sir to the AUC tem was used as a measure of the relative extent of conversion of temsirolimus to sirolimus. AUC sum represents the aggregate of the temsirolimus AUC (unadjusted for molecular weight differences). Statistical considerations. Pharmacokinetic variables are reported as mean values F SD. Difference between the two groups with respect to the kinetic variables was evaluated using the unpaired two-tailed (t) test. Two-tailed probability values of <0.05 were regarded as statistically significant.
Results
Thirty-six patients with recurrent malignant glioma were accrued for pharmacokinetic analyses to this North American Brain Tumor Consortium phase I/II trial. The pharmacokinetic characteristics for temsirolimus and its metabolite sirolimus are summarized in Table 2 . A representative blood concentrationtime curve generated from three randomly selected patients from each of the two groups at the 250 mg dose level is depicted in Fig. 1 . There seemed to be an interesting difference in the behavior of the metabolite (sirolimus) early in the plasma concentration-time profile related to the time to reach maximum concentration (T max ) between the two groups. However, there was no significant difference (P = 0.12) between the mean T max in either group. Pharmacokinetic comparisons between the two groups (non-EIAED versus EIAED) and the total patient population are displayed in Table 3 . The majority of the patients (47%) in the EIAED group were receiving phenytoin with or without dexamethasone.
Significant differences were observed between the two patient populations. For patients receiving EIAED, the systemic exposure to temsirolimus was lower due to an increase in clearance and apparent volume of distribution. Likewise, peak concentrations and exposure to sirolimus were lower by 46% and 57%, respectively. Trough levels for temsirolimus 168 h after dose (day 7) and cycle 2, day 1 were nondetectable. In contrast, trough levels for sirolimus were detectable in most patients in the non-EIAED group and in a lesser number of patients in the EIAED group. Total exposure to temsirolimus plus sirolimus was lower at the maximum tolerated dose (250 mg) for the EIAED group [AUC sum , 9.74 (F3.67) Ag Â h/mL] compared with the maximum tolerated dose (170 mg) for the non-EIAED [AUC sum , 14.49 (F5.74) Ag Â h/mL]. No association of drug exposure (AUC tem , AUC sir , or AUC sum ) and toxicity (e.g., elevated cholesterol or triglyceride) was found.
Following a 30-min infusion of temsirolimus before surgery, tumor tissue and a blood sample were obtained from six patients at the time of tumor resection. The time from temsirolimus administration and tumor tissue acquisition ranged from 2.7 to 5.6 h. The relative tumor concentrations of temsirolimus and sirolimus are summarized in Table 4 . The tissue to whole blood ratio of temsirolimus and sirolimus ranged from 0.69 to 3.37 and 0.52 to 1.81, respectively.
Discussion
Drugs that induce cytochrome P450 3A4, such as EIAEDs, significantly alter the pharmacokinetics of temsirolimus and its active metabolite, sirolimus. The pharmacokinetics of both temsirolimus and sirolimus are similar in both patient groups to those previously published (Table 5 ). Our pharmacokinetic results for patients receiving EIAEDs are in close agreement to those recently reported by the North Central Cancer Treatment Study Group (7). Total exposure (AUC sum ) of temsirolimus plus sirolimus was lower in the EIAED group at both the 250 and 330 mg dose levels compared with either of the non-EIAED groups at the dose levels of 170 or 250 mg ( Table 2 ). The EIAEDs seemed to have a greater effect on sirolimus rather than temsirolimus because, at the respective dose levels of 250 mg, the temsirolimus AUCs were not significantly different, whereas there was significant 2-fold difference in the sirolimus AUCs. Coadministration of the strong cytochrome P450 3A4/5 inducer rifampin with temsirolimus had no significant effect on temsirolimus AUC but decreased sirolimus AUC by 56%. 13 The significant differences in the clearance and the volume of distribution for temsirolimus between the two groups for the total population (Table 3 ) maybe confounded. The differences in the clearance values of temsirolimus at the 170 mg dose level (54 L/h) and the 250 mg dose level (66 L/h) in the non-EIAED group may account for this observation. Dose-dependent volume of distribution and clearance of temsirolimus has been reported by other investigators (12 -14) . The reported clearance values for temsirolimus in patients with renal cell cancer at dose levels of 25, 75, and 250 mg are 16, 42, and 98 L/h, respectively (15) .
Following a single 30-min infusion of temsirolimus, tumor tissue concentrations of both temsirolimus and sirolimus were observed. The average tissue to whole blood ratio for temsirolimus was 1.43 and 0.84 for sirolimus. To our knowledge, this is the first report of the ability of temsirolimus and its metabolite, sirolimus, to penetrate the brain tumor barrier. One potential confounding factor associated with the tissue/blood concentration ratio is the possibility of residual blood trapped in the tumor. However, because temsirolimus tissue concentration is greater than its ng/g blood concentration (mean tissue concentration of 220 ng/g versus mean whole blood concentration of 174 ng/mL) and its volume of distribution (533-699 L) is much greater than blood volume (6 L), the correction of tissue concentration for blood contamination is theoretically unnecessary (16) . Correlative analyses of the tumor tissue (pending) for the inhibition of the key regulators (p70 S6 kinase, eIF4E, PTEN, etc.) of mammalian target of rapamycin will be necessary to define the therapeutic significance of the finding along with the ongoing temsirolimus combination trials in gliomas. 
